Abstract: Silver sulphide nanoparticles were synthesised at room temperature using a green synthetic method. Silver nitrate and thiourea have been used as the sources of silver and sulphide ions, respectively. Starch was used as the capping agent while water was used as the solvent. The effect of precursor and capping agent concentrations was investigated for their influence on the size and shape of the synthesised nanoparticles. The concentrations were varied in the ranges 0.1-0.6 g and 0.25-1 g for the precursor and capping molecule, respectively. The nanoparticles obtained were spherical and cubic shaped with size distribution of 7-31 nm. Absorption spectra gave blue shifted band edges with Stokes shift of 2 nm. XRD patterns were confirmed to have monoclinic crystallinity with α-phase. FTIR results showed that the nanoparticles were successfully capped with starch capping agent. Increasing both the precursor and capping agent concentrations resulted in a decrease in the nanoparticle sizes. The antibacterial activity of Ag 2 S nanoparticles against Escherichia coli and Staphylococcus aureus showed susceptibility towards the Gram negative and positive bacteria, respectively. The lower precursor ratio had the lowest minimum inhibitory concentration (MIC) of less than 0.023 mg/ml, while the higher precursor ratios had MIC value of 0.046 mg/ml. The growth curve studies of bacteria treated with nanoparticles showed an increase in growth and then a decrease as the exposure time was increased. This indicated that the growth inhibition is dependent on time exposure of the bacteria to the nanoparticles.
Introduction
Nanoparticles have achieved strong scientific space for the application in multiple fields, this is owing to the possibility of manipulating their basic structure and composition [1] . These nanomaterials are thus promising to offer solutions to technological and environmental challenges in the areas of solar energy conversion, catalysis, medicine and water treatment [2] . Recently, silver sulphide nanoparticles have received significant attention because of their importance as semiconductors with a variety of wide potential applications in nanoscale systems [3] . Ag metal has been used as an antimicrobial agent for centuries, owing to its adsorption and penetration into the bacterial cell wall, thus disturbing cellular respiration and damaging phosphorus or sulphide-containing compounds such as DNA and proteins. Owing to this, Ag nanoparticles have been identified to be the appropriate materials for antibacterial applications because it has low toxicity to human cells, low Ag amount is needed and it has a large surface area for better interaction with bacterial species [4] .
Effect of size and shape on the antimicrobial activity of nanoparticles
The surface plasmon resonance plays a major role in the determination of optical absorption spectra of metal nanoparticles. The plasmon resonance usually shifts to a longer wavelength with increase in particle size [5] . The size of the nanoparticle is directly proportional to its surface area. Smaller nanoparticles have a higher surface area and thus an enhanced contact with the bacterial cells resulting in a higher percentage of interaction than bigger nanoparticles [5, 6] . Nanoparticles that are smaller than 10 nm have been found to interact with bacteria and produce electronic effects, which enhance the reactivity of nanoparticles. Thus the bactericidal effect of silver nanoparticles is directly dependent on the size of the nanoparticles. Also, the shape of the nanoparticle plays an important role in the antimicrobial efficacy of the nanoparticles. This was confirmed by studying the inhibition of bacterial growth using differentially shaped nanoparticles [6] . According to Pal et al. [5] , truncated triangular nanoparticles show bacterial inhibition with low silver content (1 µg/100 ml) while spherical nanoparticles need a minimum of 12.5 µg/100 ml silver to realise any antibacterial effect. On the other hand, for rod shaped nanoparticles a total of 50-100 µg/100 ml of silver nanoparticles is needed to realise any antibacterial effect. The nanoparticles had a mean size of 39 nm, 40nm for spherical and truncated triangular, respectively. The rod shape had diameter of 1nm and a length of 133 nm.
The effect of biogenic Ag 2 S particles concentration (50-150 mg/ml) against E. coli, B. subtilis and S. oneidensis bacteria species at 0-12 h has been studied. The results revealed that the particles did not show significant bactericidal activity against these species [7] . Even though much work has been reported in literature on antibacterial activity of Ag nanoparticles [4] [5] [6] , not much has been reported for antibacterial activity of Ag 2 S nanoparticles.
This study reports the synthesis of starch capped Ag 2 S nanoparticles which have been synthesised at room temperature using water as the solvents, a form of Green Chemistry. This has been undertaken because of the growing need for the green synthesis of nanoparticles. Starch has been used as it is environmental friendly and biocompatible. Owing to the prevalence of infectious diseases caused by different pathogenic bacteria and the development of antibiotic resistance, pharmaceutical companies and researchers are searching for new antibacterial agents. In this current situation, nanoscale materials have appeared to be novel antimicrobial agents owing to their high surface area to volume ratio and the unique chemical and physical properties [8] . Silver sulphide as a semiconductor has shown the potential applications in nanoscale systems, while silver has been known to be the suitable material for the antibacterial application owing to its large surface area for better interaction with bacteria. For these reasons a Gram negative (Escherichia coli) and a Gram positive (Staphylococcus aureus) bacteria were used to investigate the antibacterial activity of the synthesised Ag 2 S nanoparticles. The influences of precursor and capping agent concentrations have also been investigated in this work, since they are known to have an effect on the size and shape of the nanoparticles.
Methodology

Chemicals
Silver nitrate (AgNO 3 ) (99%), thiourea (H 2 NCSNH 2 ) (99.9%), soluble starch (99.9%) were purchased from Merck (Germany). Acetone (99.8%) was purchased from Sigma Aldrich (South Africa). Muller-Hinton agar and Muller-Hinton broth were purchased from Neogen (Michigan, USA). Staphylococcus aureus and Escherichia coli bacterial strains were bought from Anatech (South Africa). All chemicals were used as purchased with no further purification.
Synthesis of starch capped Ag 2 S nanoparticles
Starch capped silver sulphide nanoparticles were prepared at room temperature by adding silver nitrate solution (0.1 M, 20 mL distilled water) to a starch solution (0.5-2% (w/v) in 50 mL distilled water in a round-bottom flask with constant stirring. Thiourea solution of (0.1 M, 20 mL distilled water) was then added to the reaction mixture and stirred further for 2 h at room temperature under nitrogen atmosphere. The resultant solution was centrifuged and extracted with methanol to obtain a precipitate of Ag 2 S nanoparticles.
The precipitate was washed several times with methanol to remove impurities and dried at room temperature.
Proposed mechanism
Silver nitrate reacts with starch to form starch-silver complex, which then reacts with thiourea to form starch-capped Ag 2 S nanoparticles. Thiourea acts as a reducing agent and thiocyanate is an oxidation product. The OH groups of starch acts as coordination sites for the release of the metal ions and therefore controls the rate of chemical reaction for the combination of Ag + and S 2-to produce Ag 2 S nanoparticles.
Ag-starch complex NH C ( ) S starch-Ag S NH CN 2H + → + +
Effect of precursor and capping agent concentrations
The influence of the precursor concentration was examined by using different concentration ratios of silver nitrate salt and thiourea (1 : 1, 1 : 2 and 2 : 1). The capping agent concentration was varied from 0.5, 1.0 and 2.0% (w/v) of starch. The samples were then characterised with FT-IR spectroscopy, UV-Vis spectroscopy, TEM and XRD techniques.
Characterisation
UV-Vis spectrophotometer (Perkin Elmer Lamda 25) was used to perform all optical studies. The measurements were done in the wavelength range of 200-1100 nm at room temperature. For analysis, the sample was placed in quartz cuvettes cell of 1 cm path length. To perform Fourier transform infrared (FT-IR) spectral analyses, a Perkin Elmer spectrum 400 FT-IR-NIR spectrometer equipped with a universal ATR sampling accessory was used. The sample powder was placed on the universal ATR sample holder and then pressed on top by gauge force arm. The microstructure of the nanoparticles was studied using a JEOL JEM-2100 transmission electron microscope operating at 200 kV. The TEM was coupled with an energy dispersive X-ray (EDX) detector which was used to determine the elemental composition of the synthesised nanoparticles. For analyses, the samples were prepared by putting an aliquot solution of the water soluble nanocrystalline material onto an amorphous carbon substrate supported on a copper grid and then the solvent was allowed to dry at room temperature. A Bruker D2 diffractometer at 40 kV and 50 mA was used to record the X-ray diffraction patterns. A secondary graphite monochromated Co Kalpha radiation (l = 1.7902 A°) was used. The measurements were taken at high angle 2θ in a range of 5-90° with a scan speed of 0.01° 2θ s -1 .
Antibacterial activity and minimum inhibitory concentration (MIC)
The antibacterial activity of the prepared nanoparticles was studied using the disc diffusion method. During this method, a sterile molten Mueller Hinton agar (20 mL) was transferred into sterile petriplates. The overnight culture (10 5 cells/mL) of bacteria (Staphylococcus aureus and Escherichia coli) was swabbed in triplicate petriplates. The Ag 2 S nanoparticle samples with different concentrations (6.0, 3.0, 1.5, 0.78, 0.37 mg/mL) were added into different discs. The discs were placed in the petriplates and incubated at 37 ± 2°C for 24 h. After 24 h of incubation, the zone of inhibition was measured and expressed as millimetre in diameter.
The MIC of the nanoparticles was investigated using 96 well microtitre plates for Resazurin based Microtitre Dilution Assay under aseptic conditions. All the wells of the microtitre plates were filled with 100 µL of nutrient broth. 100 µL of nanoparticles in sterile water was poured in the first row of microtitre plate. Two fold serial dilution was done by transferring 100 µL of nanoparticle from the first row to the subsequent wells in the next row of the same column so that each well has 100 µL of nanoparticles in serially descending concentrations. Resazurin solution (10 µL) was added as an indicator in each well. A 10 µL volume was then taken from the bacterial suspension and added to each well to achieve a final concentration of 5 × 10 6 CFU/mL. To avoid dehydration of bacterial culture, each plate was loosely wrapped with foil. Each microtitre plate had a set of three controls,
• a column with amoxycillin as positive control
• a column with all the solutions except the nanoparticles
• a column with all solutions except bacterial solution replaced by 10 µL of nutrient broth.
The plates were incubated at 37 ± 2°C for 24 h. The colour change in the well was then visually observed. A colour change observed from purple to pink or colourless was taken as positive. The lowest concentration of the nanoparticles at which colour change occurred was recorded as the MIC value. The MIC was evaluated using the following concentrations of nanoparticles (0.37, 0.18, 0.093, 0.046 mg/mL) All the experiments were performed in triplicates.
Determination of the growth curves of bacterial cells exposed to silver sulphide nanoparticles
To evaluate the growth curves of Staphylococcus aureus and Escherichia coli bacterial cells exposed to Ag 2 S nanoparticles, a concentration of 3 mg/mL of nanoparticles with Mueller-Hinton broth was used. The concentration of the bacterial cells was adjusted to 10 5 CFU/mL. Each culture was then incubated in a shaking incubator at 37 ± 2°C for a 24 h period. Growth curves of the bacterial cell cultures were attained through repeated measures (every four hours) of the optical density (O.D.) at 600 nm.
Results and discussion
The work covers the characterisation of silver sulphide nanoparticles capped with starch and also the effect of starch and precursor concentrations. Characterisation and the effect of the concentration was performed using a combination of UV visible spectroscopy, FTIR spectroscopy, transmission electron microscopy and X-ray diffraction. The concentration of the precursor and starch is important because it controls the size and morphology of nanoparticles. The antibacterial activity of the synthesised Ag 2 S nanoparticles using Staphylococcus aureus and Escherichia coli bacterial cells has also been reported. 
Optical analysis
The UV-Vis spectroscopy has been used to investigate the effect of capping agent and precursor concentration on the optical properties of silver sulphide nanoparticles. The UV-Vis absorption spectra of the starch capped silver sulphide nanoparticles at different capping agent concentration, synthesised using 0.1 M monomer concentrations is shown in Figure 1 . The absorbance peak appeared at 368 nm (3.36 eV) for 0.5% (w/v), 366 nm (3.38 eV) for 1.0% (w/v) and 359 nm (3.45 eV) for 2.0% (w/v) starch concentrations. All peaks were blue shifted in relation to the silver sulphide band gap which is 0.15 eV which confirms the formation of nanoparticles. The peak wavelength decreased with increase in starch concentration. This means that the nanoparticles' size decreased with increase in starch concentration. These results are in agreement with the TEM results ( Figure 4 ). The absorbance peak for silver sulphide nanoparticles was observed at lower wavelength even though for silver nanoparticles it usually appears around 400 nm. The reason for this could be the reaction of sulphide from thiourea with silver to form silver sulphide [9] . Figure 2 shows the absorption spectra of starch capped silver sulphide nanoparticles at different precursor concentrations. The starch concentration was kept constant at 1.0% (w/v). The absorption spectra at 1 : 1, 1 : 2 and 2 : 1 mole ratio showed an absorption shoulder at 366 nm (3.38 eV), 360 nm (3.44 eV) and 364 nm (3.40 eV) respectively. All the peaks also blue shifted from the bulk band gap of silver sulphide. The peak wavelength also decreased with increase in precursor concentration which means that the nanoparticle size is decreased. 
FT-IR spectral analysis
The surface chemistry of the synthesised nanoparticles was investigated using FT-IR spectroscopy. The spectra showed a strong absorption band at 3295 cm -1 which was attributed to the O-H stretching of starch and its width was attributed to the formation of inter and intramolecular hydrogen bond. The asymmetric stretching of C-H band was observed at 2930 cm -1 while the band at 1643 cm -1 was attributed to water adsorbed in the amorphous region of starch. The band at 1415 cm -1 was due to CH 2 bending, C-O-O stretch. The band at 1361 cm -1 was due to C-O-H bending, CH 2 twisting. The band at 1337 was attributed to the angular deformation of C-H, while at 1244 cm -1 is a CH 2 OH (side chain) related mode. The two characteristic bands at the fingerprint region of spectra at 1145 cm -1 and 1067 cm -1 were attributed to the C-O, C-C stretching and C-O-H bending of starch, respectively. The prominent band at 996 was attributed to the skeletal mode vibration of α 1,4-glycosidic linkage (C-O-C) while the band at 761 cm -1 was attributed C-C stretching. The characteristic bands of starch were present in the synthesised nanoparticles which confirmed the successful capping of the nanoparticles with starch [10] [11] [12] [13] . The shift of the OH group and CH 2 OH side chain on the starch capped nanoparticles was due to the binding of starch with the metal. Figure 3 shows the IR spectra of starch capped Ag 2 S nanoparticles at different precursor concentrations, synthesised with 1.0% (w/v) of starch.
TEM analysis
The effect of capping agent and precursor concentration on the size and shape of the synthesised silver sulphide nanoparticles was investigated using TEM. The structure of the synthesised nanoparticles at different capping agent concentrations is shown in Figure 4 . These nanoparticles showed a decrease in size with an increase in capping agent concentration. For 0.5% (w/v) of capping agent the particles showed aggregated spherical as well as cubic shaped morphology with an average diameter of 31.7 nm. The agglomeration was caused by insufficient amount of the capping agent used. Increasing the concentration of the capping agent to 1.0% (w/v), resulted in slightly reduced particle sizes and they were all cubic in shape. The average particle size decreased to 29.8 nm. Further increase in capping agent concentration to 2.0% (w/v) further reduced the particle size to an average of 15.4 nm and the agglomeration was reduced significantly and the particles were cubic in shape. These results thus revealed that the concentration of the capping agent played a role in controlling the size of the nanoparticles and also prevented the particles from aggregation. The decrease in nanoparticle size with an increase in capping agent concentration has also been reported by other researchers [14, 15] . The average diameter and average nanoparticle size distribution calculated from the TEM images at different capping agent concentrations are shown in Figure 4 . The concentration of 1.0% (w/v) gave highly monodispersed particles as observed from the highest frequency centred around 25-30 nm whereas the lowest concentration gave polydispersed particles. The effect of the precursor concentration on the size and shape of nanoparticles is shown in Figure 5 . From the results obtained the particle size obtained on varying the precursor concentration decreased with an increase in precursor concentration. The result for the decrease in particle size might have arisen from the same% (w/v) of starch (1.0) used for the different concentrations which may have been more appropriate for effective passivation at higher concentration. The nanoparticle sizes were calculated to be 29.8 nm (1 : 1), 7.8 nm (1 : 2), 19.6 nm (2 : 1) ratios. A decrease in particle size with an increase in precursor concentration has also been reported by Devi et al. [16] . The diameter and particle size distribution of TEM image at different precursor concentrations is shown in Figure 5 . The EDX profile revealed the presence of silver and sulphide in the ratio consistent with chemical composition of the compound 2 : 1, respectively (Figure 6(a) ). The carbon peak is owing to the adhesion of carbon tape used to adhere the sample onto the sample holder. The copper peak from the copper grid used as a sample holder. The chromium and iron peaks observed are also from the sample holder. The diffraction patterns ( Figure 6(b) ) revealed good monoclinic crystallinity with α-phase of Ag 2 S (JCPDS 14-72). This phase of silver sulphide is known to be stable and to normally exist at room temperature [17] . The sharp peaks indicate that the nanoparticles prepared are of high crystallinity. 
Antibacterial activity
The Ag 2 S nanoparticles' antibacterial activity was evaluated on Escherichia coli and Staphylococcus aureus and they showed positive response towards both bacteria species in all concentrations studied ( Table 1) . The MIC was then further investigated at (0.37-0.023 mg/mL) and the results are shown in Table 2 . Ag 2 S nanoparticles showed maximum inhibition zone of 17 ± 0.23 mm diameter against Escherichia coli and 16 ± 0.19 mm diameter for Staphylococcus aureus. The inhibition zone for 1 : 1 precursor concentration ratio was slightly higher than 1 : 2 and 2 : 1 ratios. The reason for this could be that it has a mixture of spherical and cubic shape while the other ratios has only cubic shaped nanoparticles as spherical shape nanoparticles have been reported to be more effective [8] . The results revealed that the Ag 2 S nanoparticles have the MIC of 0.046 mg/mL against both Escherichia coli and Staphylococcus aureus for both 1 : 2 and 2 : 1 precursor ratios. No MIC was observed for both bacteria in a 1 : 1 precursor ratio in all concentrations investigated. The results obtained indicated that the prepared Ag 2 S nanoparticles are active against both Gram negative and Gram positive bacteria. Since the nanoparticles carry positive charges and the microbes have negative charges, this creates an electromagnetic attraction between the nanoparticles and the microbes and as the attraction occurs the microbes get oxidised thus immediately die [18] . All the nanoparticles showed sensitivity against all the tested bacteria ( Table 2) . Suresh et al. [7] reported that no antibacterial activity for Ag 2 S nanoparticles was observed against Escherichia coli even at 0.15 mg/ml. The nanoparticles were spherical in shape with an average size of 9 nm. The results obtained in this work are contrary to Suresh's findings as the Ag 2 S nanoparticles showed to have antibacterial activity against Escherichia coli as well as Staphylococcus aureus bacteria species even at 0.046 mg/ml concentration. Suresh et al. [7] reported the MIC of silver nanoparticles against Escherichia coli and Staphylococcus aureus to be 0.08 mg/ml and 0.04 mg/ml respectively. The nanoparticles were spherical in shape with a size diameter of 8-21 nm. The findings of this work reveal that the Ag 2 S nanoparticles prepared have improved antibacterial activity against the studied bacteria species. 
Growth curves of bacterial cells treated with Ag 2 S nanoparticles
The growth curves of Ag 2 S nanoparticles treated Escherichia coli and Staphylococcus aureus cells are shown in Figure 7 (c) and (d). The bacterial growth of the Escherichia coli and Staphylococcus aureus cells treated with nanoparticles is less than that of cells in the control group (Figure 7(a)-(d) ). The bacterial growth of both Escherichia coli and Staphylococcus aureus cells treated with nanoparticles was found to be lower than that exhibited by bacteria cells without nanoparticles. Also, both bacterial cells showed some growth from 0 h to 8 h, indicating that the growth inhibition is dependent on time exposure of the bacteria to the nanoparticles. Staphylococcus aureus cells treated with nanoparticles showed a slight increase in growth from 8 h to 16 h but it stabilised from 16 h to 24 h. Escherichia coli cells treated with nanoparticles showed a steady increase in growth from 8 h to 12 h and further increase to 16 h however they also stabilised from 16 h to 24 h. The growth curves of bacterial cells treated with nanoparticles indicated that the nanoparticles may inhibit the growth of the bacterial cells. 
Conclusion
The concentrations of the capping agent and the precursor were found to impact on the size, shape and agglomeration of Ag 2 S nanoparticles. The increase in precursor concentration (1 : 1 to 1 : 2 or 2 : 1, Ag : S) and capping agent (0.05 to 2.0% (w/v)) results in the decrease in the nanoparticle size. TEM results showed that the nanoparticles obtained were either spherical or cubic in shape with an average size 7-31 nm. XRD results indicated that Ag 2 S nanoparticles prepared are of monoclinic, α phase. These nanoparticles showed activity against both Gram positive (Staphylococcus aureus) and Gram negative (Escherichia coli) bacteria. The antibacterial activity showed dependency on the precursor concentration as the MIC increased with an increase in precursor concentration.
